Physiological factors affecting the flow and composition of bile may be divided into two general categories. First, the availability of bile salts (by hepatic synthesis and by reabsorption from the bowel) has a significant influence on the rate of bile production. The choleretic effect of natural bile salts and the phenomenon of enterohepatic circulation of these compounds were first demonstrated by Schiff in 1870 (1) . These observations have been confirmed by many workers since that time. It has been estimated that 85 to 90 per cent of the bile salt excreted in the bile is reabsorbed and returned to the liver (2, 3) . For this reason the entry of bile itself into the duodenum provides a major stimulus for further bile production. Second, factors independent of the availability of bile salts can affect bile production. This category would include, for example, neural stimuli (4, 5) , humoral agents such as secretin (6) (7) (8) and changes in vascular perfusion (5) .
During any investigation of biliary secretion in which bile is removed and not replaced, achievement of a steady state is thwarted by progressive depletion of bile salts which would normally undergo enterohepatic circulation. In the present studies this problem has been circumvented by constant intravenous infusion of sodium taurocholate. The results substantiate the important role of active bile salt secretion in the process of bile production and also suggest that the flow and composition of bile are modified by the addition of variable amounts of a solution which is similar in certain respects to pancreatic juice.
METHODS
All studies were conducted on four trained adult female mongrel dogs (21 to 30 Kg.) which had been pre-* This investigation was supported by a grant from the Department of the Army (Contract DA-49-007-MD-205). pared several months previously by splenectomy, cholecystectomy and installation of a Thomas duodenal fistula apparatus (9) . Food and water were withheld for 15 hours prior to each study. The fistula was opened and a No. 5 or No. 6 Fr. olive-tipped ureteral catheter inserted into the ampulla of Vater and advanced about 5 cm. into the common bile duct. The animal was then placed upright in a sling. Bile was withdrawn by gentle aspiration using an oiled tuberculin syringe, and collected under mineral oil in graduated tubes. By noting the volume collected, frequent estimations of bile flow were obtained (at intervals of 2 to 10 minutes depending on the flow). Approximately 4 ml. of bile was required to carry out all of the analytical procedures, and specimens were selected for analysis which represented periods of relatively constant flow in order to minimize "dead space" errors (due to the volume of bile in the hepatic ducts and the catheter). Specimens were rejected when obvious changes in flow occurred during their collection or during the collection of the preceding 2 ml. of bile. The figure of 2 ml. represents a rough estimate of "dead space" based on our observation of the approximate volume of bile one must collect before noting the presence of high concentrations of intravenously injected sulfobromophthalein sodium.
The "sodium taurocholate" used for intravenous infusion was a commercial preparation 1 in which it was found that bile salt accounts for approximately 75 per cent of the total solids. Approximately 25 per cent of the bile salt is derived from dihydroxy rather than trihydroxy cholanic acid, but virtually all of it appears to be conjugated with taurine since only a trace of glycine was detected after hydrolysis. This material was dissolved in normal saline and passed through a Seitz filter. In a majority of studies a 1 per cent solution was infused through a nylon intravenous catheter at approximately 1 ml. per minute using a Bowman pump. In a few of the later studies a 2 per cent solution was infused at 1.5 ml. per minute. The rates of bile salt infusion stated in the text were calculated by multiplying the calibrated rate of delivery of the Bowman pump by the measured concentration of bile salt in the infusion mixtures. Hemolysis was minimal or, in most instances, undetectable after infusions lasting up to five hours. (12) . 4 This method has yielded a recovery of 96.5 ± S.D. 3.3 per cent in our laboratory. Although appreciable amounts of dihydroxy bile acids were found in the bile, the total concentration of conjugated bile acid will be referred to as "taurocholate" hereafter for convenience. Estimations of amylase were carried out on bile and on serial dilutions of duodenal juice in water and in bile by mixing 0.2 ml. of the test material with 0.4 ml. of a 0. 5 (14) .
At the time of catheterization approximately 6 to 10 ml. of bile could always be withdrawn from the common bile duct. This bile, referred to hereafter as "common duct bile," must have been secreted over a period of one to several hours prior to the study and retained in the duct system by the normal action of the sphincter of Oddi. The composition of "common duct bile," based on analysis of 16 specimens, was different from that of most subsequent samples of flowing hepatic bile but quite similar to the composition of canine gall bladder bile reported by others ( 15) and confirmed in two instances in this laboratory. As shown in the example in Figure 1 , the concentration of taurocholate in "common duct bile" was typically very high. Taurocholate and osmolality In all bile samples there was an obvious discrepancy between the total electrolyte concentration (sum of anions plus cations) and the osmolality. This was most marked in specimens with high taurocholate concentration including those described in the preceding section (see Figure 1 ). The sum of the measured electrolyte concentrations reached values as high as 579 mMoles per L., and would have been even higher if one had been able to convert from molar to molal concentrations and if other solutes had been included. This discrepancy has been noted by others (13, 15) and is almost certainly due to the tendency of the taurocholate ion to form large aggregates or micelles. According to Pethica and Schulman (16) micelle formation for pure sodium taurocholate begins at concentrations as low as 7.4 X 10-3 M. This tendency is probably enhanced by the presence of lipids in the bile. The structure of these micelles is poorly understood but they are known to include an uncertain quantity of cation (17) . Nevertheless the net effect of the aggregration phenomenon in bile is approximately the same as that which one would predict if all of the taurocholate ion were osmotically inactive and all of the other ions had an osmotic activity of 1.0 (15) . Thus, over a wide range of biliary taurocholate concentrations the sum of the other major ions was consistent with the observed osmolality: (Nat + K+ + Cl-+ HCO3-) = There was no progressive diminution in bile flow. However, marked spontaneous variations in bile flow occurred frequently without obvious external stimuli. The range of bile flows encountered in each of the four dogs is shown in Table I (total range 0.074 to 0.347 ml. per minute).
Characteristic alterations in bile electrolyte composition accompanied these spontaneous changes in bile flow. There was a reciprocal relationship between flow and taurocholate concentration, indicating constancy of the excretion rate of this ion. As bile flow increased there was an increase in chloride concentration and a much more striking increase in bicarbonate concentration and pH. This relationship is illustrated in Figure 2 for one of the dogs. In each animal the composition observed at a given rate of bile flow was consistent from one study to another. The concentrations of bicarbonate, chloride, and taurocholate and the pH in the specimens with the highest and lowest spontaneous flows are shown in Table I . In all dogs the composition of bile obtained at inter-illustrated in Figure 2 . The total range of bimediate flowvs followed a pattern similar to that carbonate concentrations encountered was 5. 
G. Effect of intravenous secretin
Within five minutes after the intravenous administration of 100 units of secretin a marked choleresis was observed in each dog, exceeding in magnitude the highest spontaneous bile flows observed at any time in the same animal. The duration of the effect was approximately 30 minutes, but the peak of the choleresis was so brief that it was sometimes impossible to obtain adequate specimens of bile representative of the highest flows achieved with this agent. Nevertheless, as shown in Table I and Figure 2 very changes in composition similar to those seen after exogenous secretin (Table I and Figure 2) . Amylase was not detectable in this bile. Bile flow diminished rapidly within 20 minutes after stopping hydrochloric acid administration.
I. Effect of acetazolamide
The intravenous administration of acetazolamide sodium (Diamox®, 65 mg. per Kg.) was followed in each case by a prompt choleresis. In all but one dog the bile flow after acetazolamide exceeded the highest spontaneous flows observed in the same animal. The excretion rate of taurocholate was unaffected. In every case the chloride concentration was higher and the bicarbonate concentration and pH were lower than those observed at similar bile flows under other circumstances (Table I and Figure 2) . Thus, in the choleresis produced by this agent, increased excretion of chloride is the predominant feature. In all dogs the choleretic effect was still apparent by the time the study was concluded 60 to 90 minutes after acetazolamide injection. The observed variations in flow and composiwas corre-tion could be explained by the hypothesis that ,.&Moles per hepatic bile is formed by admixture of a number ble II. As of solutions which differ from one another in )late excre-composition and mode of production. With the :ws (range limited evidence at hand, it appears reasonable for lute). Al-the sake of simplicity to regard each bile specimen imens were as a mixture of two hypothetical isosmotic comrate, spon-ponents (Figure 4) . One of these components, a l apparent. pure solution of taurocholate and its accompanyflows were ing cations, has been designated the "taurocholate Lte concen-fraction." In view of the apparent osmotic indogs) and activity of the taurocholate ion itself (see Part D dogs) pro-of the preceding section) the total ionic concenred, if any-tration of this component (anion plus cation) e produced should be roughly 600 mMoles per L. if the soluaurocholate tion is to be isosmotic with respect to plasma. A lonate con-concentration of this magnitude was, in fact, apent during proached in some specimens of "common duct bile" which were nearly pure taurocholate solutions (see Section C). (14) .
At any given constant rate of taurocholate excretion the output of the "taurocholate fraction" would be constant, and variations in total bile flow and composition could be equated to changes in the output and composition of the "electrolyte fraction," which can be calculated as follows: "electrolyte fraction" in milliequivalents per liter; V = bile flow in milliliters per minute; VE = output of "electrolyte fraction" in milliliters per minute.
When this calculation was applied to all bile specimens obtained during constant taurocholate infusion (14.5 ptMoles per minute), a relationship similar to that illustrated in Figure 5 became apparent in all of the animals. At lower rates of output chloride was the major anion in the hypothetical "electrolyte fraction." As the output of this fraction increased there was an increase in its bicarbonate concentration and a corresponding decrease in chloride concentration. At maximum choleresis (after secretin) the bicarbonate concentration achieved a value approximately equal to the chloride concentration (75 mEq. per L.). The relationship between chloride and bicarbonate after acetazolamide administration was entirely different ( Figure 5 ). The effect of this agent could be equated to an increased output of "electrolyte fraction" in which chloride was the predominant anion.
The knowledge that bile production is dependent upon the rate of excretion of bile salts, and the observed relationship between flow and electrolyte composition at any constant rate of bile salt excretion are consistent with the view that at least the following processes are involved in normal bile formation.
1 view by Sperber (20) . It must be emphasized that the actual osmolality of canalicular bile is unknown and cannot necessarily be deduced from the observed osmolality of hepatic bile. Nevertheless, it does not seem necessary to invoke a specific mechanism for active water transport, and the likelihood of such a mechanism has been questioned on theoretical grounds (21) . The passive diffusion of water in response to active bile salt secretion (and probably, in addition, in response to active secretion of other constituents in lesser amounts) would provide an adequate explanation for the choleretic effect of these substances, and would also be consistent with the observation that bile secretion can continue even when opposed by an appreciable hydrostatic pressure (22) . In addition, as a part of this process, concentration gradients would be established which would favor the movement of other solutes into the bile by passive diffusion. Among the latter solutes would be that group of substances which Cook, Lawler, Calvin and Green have referred to as "unconcentrated" (23) and which Brauer has characterized as appearing in bile "in concentrations closely reflecting those of plasma" (24) . An additional quantity of water would have to accompany these solutes for the maintenance of normal osmolality. At least part of the diffusible anion (Cl-and HCO3-) could enter the bile by this type of passive-diffusion owing to the Donnan effect.
2) The fact that secretin stimulates bile flow without increasing bile salt excretion has been well known for a number of years (6) (7) (8) (4, 5) so that neurogenic factors may play an important role.
The anatomical site of this mechanism has not been established. Although these observations were based on collections of bile through a catheter advanced well into the common bile duct, the possibility of accidental contamination with pancreatic juice was carefully considered. The absence of detectable concentrations of amylase in the bile appeared to rule this otit. Moreover, high biliary concentrations of bicarbonate (45.8, 61.2 and 40.5 mEq. per L.) have also been observed after secretin administration during three acute studies in which bile was collected through a catheter tied into the proximal end of the transected common bile duct.
In addition to the two mechanisms discussed above, it is also probable that reabsorption of various constituents may play a major role in determining the final flow and composition of bile. Reabsorption of electrolytes and water is a well established function of the gall bladder mucosa (26, 27) . The similarity between the composition of "common duct bile" (see Section C) and gall bladder bile suggests that other parts of the biliary tract may possess similar reabsorptive mechanisms. Whether these are normally operative or whether they tend to "take over" only after cholecystectomy cannot be deduced from the present studies. Considering the high concentration of apparently nondiffusible anion in the bile, these mechanisms would necessarily involve active work against an appreciable oncotic gradient. At present, the actual evidence for reabsorption cannot be considered conclusive.
The choleresis induced by acetazolamide is difficult to correlate with the known pharmacologic activity of this agent. In view of the inhibitory effect of acetazolamide on the volume of pancreatic secretion (28) one would anticipate that this drug would, if anything, depress those processes in the biliary tract which normally elaborate a bicarbonate-rich fluid analogous to pancreatic juice. The fact that bicarbonate concentration during acetazolamide choleresis is lower than that observed during spontaneous or secretin-induced choleresis is therefore not surprising. However, the marked increase in flow and electrolyte excretion implies an altogether separate mechanism involving either augmentation of the movement of electrolytes into the biliary tract or inhibition of their reabsorption. The available data do not permit a choice between these alternatives nor is it easy to see how either could be attributed to carbonic anhydrase inhibition. The biliary concentration of acetazolamide itself has also not been determined since there are no satisfactory chemical methods available for this purpose. Previous workers have not observed any pharmacologic effect of acetazolamide on bile flow or composition in the rat (29) or man (30) . However, in addition to species differences, the experimental circumstances in these instances were entirely different from those reported here.
It must be re-emphasized that bile production in the normal animal varies markedly in response to the demands of the organism. In the species in which it is present, the gall bladder participates in this process by storage, modification and intermittent release of the bile into the duodenum. Enterohepatic circulation of bile salts-the major normal stimulus for bile production-is therefore intermittent in character. Even in the absence of a gall bladder the common bile duct and its major radicles appear to subserve in a similar fashion. The "steady state" which one seeks to achieve by removal of the gall bladder, continuous emptying of the common bile duct and stabilization of the rate of bile salt secretion is therefore, in a sense, not "physiological." Nevertheless, it is possible, by means of this approach, to explore some of the specific mechanisms which are undoubtedly operative in normal bile production.
SUMMARY
The electrolyte composition of bile was studied in four unanesthetized cholecystectomized dogs. The biliary concentration of taurocholate was approximately equal over a wide range to the anioncation difference: [ (Na+ + K+) -(Cl-+ HCO3-) ]. The osmolality of all bile samples . (mean, 299 mOsm. per Kg.) was indistinguishable from plasma osmolality (mean, 303) although the sum of the electrolyte concentrations in bile greatly exceeded 300 mMoles per L.-a discrepancy probably attributable to the aggregation of taurocholate ions.
Bile stored in the common bile duct of fasting dogs was similar to typical gall bladder bile (high concentration of taurocholate and low concentration of other anions) suggesting the possibility of reabsorptive mechanisms in the bile ducts.
Bile The data suggest that bile production is dependent upon the active secretion of bile salts, and that the flow and composition of bile is further modified by the addition of a solution similar in electrolyte composition to pancreatic juice.
